Introduction
Nitrogen (N) stable isotopes are frequently used to identify N origin and transport between trophic levels in food webs, as δ 15 N increases, on average, by 2-3 units for every trophic step (Deniro & Epstein 1981; Hogberg 1997; Herman et al. 2000; Robinson 2001) . At the base of the food web, the vegetation (primary producer) should reflect the isotopic signature of the N source it utilizes, although it is often challenging to quantify the isotopic signature of the various N sources. In areas with large sea bird or marine mammal colonies, huge amounts of marine-derived N are deposited through faeces and urine (Lindeboom 1984) . Part of the N contained therein is volatilized as gaseous NH 3 , some of which is subsequently deposited downwind. The influence of marine-derived N, through bird and seal faecal deposition, is often reflected in terrestrial vegetation by enriched δ 15 N signatures (Erskine et al. 1998; Post et al. 1998; Ellis 2005; Ellis et al. 2006 ). However, although various studies have used stable isotopes to identify N isotope differences in Antarctic cryptogams and food webs (Cocks et al. 1998; Erskine et al. 1998; Huiskes et al. 2006; Bokhorst et al. 2007; Crittenden et al. 2015; Bokhorst & Convey 2016) , a few studies have attempted to isotopically quantify the signature of the external N sources reaching the vegetation (Erskine et al. 1998; Bokhorst et al. 2007; Crittenden et al. 2015) . These studies reported a wide range of atmospheric N isotope signatures (from −10‰ to +20‰) and provided contrasting explanations to match these with the δ 15 N signatures of the vegetation (e.g., isotopic fractionation, uptake of enriched particulate matter Abstract Vegetation near bird and seal rookeries typically has high δ 15 N signatures and these high values are linked to the enriched δ 15 N values of rookery soils. However, Antarctic cryptogams are mostly dependent on atmospheric ammonia (NH 3 ) and volatized NH 3 from rookeries is severely depleted in δ 15 N-NH 3 . So there is an apparent discrepancy between the isotopically depleted source (NH 3 ) and δ 15 N-enriched vegetation. In this article, we aim to resolve this discrepancy to better understand the mechanisms and processes involved in isotopic changes during nitrogen transfer between Antarctic marine and terrestrial ecosystems. Under laboratory conditions, we quantified whether volatized NH 3 affects the isotopic signature of cryptogams. NH 3 volatilizing from penguin guano and elephant seal dung was depleted (44-49‰) in δ 15 N when captured on acidified filters, compared to the source itself. Cryptogams exposed to the volatized NH 3 were enriched (18.8-23.9‰) in δ 15 N. The moss Andreaea regularis gained more nitrogen (0.9%) than the lichen Usnea antarctica (0.4%) from volatilized NH 3 , indicating a potential difference in atmospheric NH 3 acquisition that is consistent with existing field differences in nitrogen concentrations and δ 15 N between mosses and lichens in general. This study clarifies the δ 15 N enrichment of cryptogams resulting from one of the most important nitrogen pathways for Antarctic vegetation.
near colonies or uptake of depleted δ 15 N sources further from colonies). In this article, we aim to resolve these contrasting explanations to better understand the mechanisms and processes involved in isotopic changes during N transfer from marine vertebrates to Antarctic terrestrial ecosystems.
Volatilization of NH 3 from guano is one of the main sources of N from penguin rookeries that can reach inland vegetation (Lindeboom 1984; Blackall et al. 2007 ). During volatilization, NH 3(gas) is greatly depleted (>−30‰) in δ 15 N because the heavier 15 N isotope remains in the substrate (Hogberg 1997) , resulting in greatly enriched δ 15 N signatures of penguin rookery soils (Mizutani et al. , 1986 Mizutani & Wada 1988; Cocks et al. 1998; Erskine et al. 1998; Zhu et al. 2009; Nie et al. 2014 ). This isotopically δ 15 N-enriched soil is often assumed to be the source for nearby vegetation as cryptogams and plants also have enriched δ 15 N signatures (Erskine et al. 1998; Crittenden et al. 2015) , and this may well be the case for nearby growing grasses and other plant types that utilize soil N sources. However, many isotopically enriched mosses and lichens grow on rock surfaces while, at the same time, physical barriers and distance separate them from direct contact with penguins and seals and their isotopically enriched soils. In addition, N-fixation is typically very low or non-existent in Antarctic terrestrial ecosystems (Perez et al. 2017 ). These cryptogams, therefore, greatly depend on atmospheric N sources such as NH 3 (Greenfield 1992a, b) . The isotopically depleted δ 15 N-NH 3 resulting from volatilization is not readily resolved with the enriched δ 15 N signatures of vegetation, unless fractionation occurs again at the interface between NH 3(gas) and the vegetation (Heaton et al. 1997) . Kirshenbaum et al. (1947) showed that when NH 3(gas) reaches a chemical equilibrium with an NH 4
, there is a strong fractionation (>+30‰) in favour of NH 4 . The same chemical exchange reaction may occur on a moss or lichen surface, thereby resulting in an enriched δ 15 N-N source for the cryptogam. This fractionation process, although well recognized in the atmospheric sciences (Moore 1977; Heaton et al. 1997; Hayasaka et al. 2004) , has so far been ignored as a pathway for N isotope enrichment of Antarctic cryptogams from neighbouring penguin rookeries.
In this study, we addressed three issues. Firstly, we quantified the N isotope fractionation of NH 3 volatilizing from penguin and elephant seal faecal matter. Secondly, we investigated if isotopic fractionation (>+30‰) occurs when this volatilized NH 3 comes into contact with a weak acidic substrate (e.g., Kirshenbaum et al. 1947; Heaton et al. 1997) . Thirdly, we hypothesized that the above process also occurs on cryptogams, thereby isotopically enriching the cryptogams and explaining the high δ 15 N signatures observed in the field. Furthermore, we explored potential differences in isotopic enrichment between four common Antarctic moss and lichen species, as these tend to have different δ 15 N signatures when growing near penguin colonies (Bokhorst & Convey 2016; Bokhorst et al. 2019) . By addressing these issues we aimed to clarify a potential mechanism behind δ 15 N enrichment of vegetation in the vicinity of Antarctic penguin and seal colonies.
Materials and methods
To address the first two aims, we used 20 airtight clear plastic containers (340 ml), of which five received a soil solution (50 ml) from a penguin rookery substrate and five received a solution (50 ml) of elephant seal dung. A third set (n = 5) of containers received 0.5 ml NH 3 solution (25%) to test the general principle of isotopic fraction during volatilization of NH 3 . The final set was a control containing only 0.5 ml water. The ornithogenic soil was collected from a penguin rookery (chinstrap; Pygoscelis antarctica) located on the northern beaches of Byers Peninsula (Livingston Island, 62°37'S 61°01'W) during February 2017. Samples consisted of five plastic tubes (50 ml) filled with a mixture of liquid and consolidated guano all collected a few metres apart. Elephant seal dung (Mirounga leonina) was collected from a puddle where liquid aggregated (four 50 ml tubes) at the edge of an elephant seal colony at Anchorage Island (67°61'S 68°22'W) during January 2017, along with one part-solidified dung sample collected near a seal rookery on Byers Peninsula. All samples were frozen (−20 °C) and shipped back to the Netherlands. The samples were thawed and the part-solidified dung tubes were topped up to 50 ml with tap water, and shaken to homogenize the sample and facilitate NH 3 release, before adding to the experimental containers. A sub-sample (2 ml) of each guano/dung solution was freeze-dried to quantify the initial N concentration and δ 15 N signature. Isotopic δ 15 N signature and amount of N of all material was quantified by dry combustion in an NC 2500 elemental analyser (Carlo Erba, Rodana, Italy) coupled with a Delta plus continuous-flow isotope ratio mass spectrometer (Thermo Finnigan). Isotopic values were expressed as:
where R is the 15 N/ 14 N ratio and atmospheric N 2 (air) is the standard. Note that we could not quantify the δ 15 N signature of the NH 3 solution.
To trap and measure volatilized NH 3 , we taped a glass microfiber filter (Whatman GF/D, 10 mm diameter), sealed in polytetrafluoroethylene tape, containing 20 µl KHSO 4 (2.5 M) to the underside of each container's lid. This acid strength should form an infinite NH 3 sink not allowing for any isotopic fractionation (Heaton et al. 1997) . To quantify the potential isotopic fractionation between NH 3(gas) and NH 4(solution) in each container, we taped a filter containing a weak acid (20 µl KHSO 4 0.1 M), next to the other filter (sensu Heaton et al. 1997) . The weaker acid strength should allow for the exchange of neutrons between NH 3 and NH 4 + resulting in an isotopically enriched δ 15 N source on the filter (Kirshenbaum et al. 1947) . To retain within the measuring range of the elemental analyser and due to differences in NH 3 trapping ability, the strong and weak acidified filters were retrieved after 1 and 3 h, respectively. The filters from each treatment were dried for one week, using eight separate incubators containing silica gel and a beaker with concentrated H 2 SO 4 (96%),to avoid cross-contamination between samples or with other NH 3 sources. Three 2.5 M filters (two from the NH 3 and one from the penguin guano treatment) captured too much N to analyse with the mass spectrometer range settings used, and so were lost from the experiment.
To address the third aim, we placed ground samples (4.0 mg) of two moss species (Andreaea regularis and Sanionia uncinata) and two lichens (Umbillicaria antarctica and Usnea antarctica) separately in tin cups (5×8 mm, which could be directly used for the isotope analyses) in each of the five replicate containers containing water (control), NH 3 , penguin guano and elephant seal dung for five days. The longer exposure time to the volatized NH 3 compared to the filters (see above) was used to allow for sufficient N to be absorbed by the cryptogam material to raise their initial N concentrations. Ground cryptogam samples were used to standardize the substrate so there was a fair comparison between species. Although the use of ground tissue prevents active uptake of N by cryptogams it provides a relevant organic substrate to test whether N isotope fractionation can occur on moss and lichen tissue. Henceforth, the species are referred to by their genus name alone. The tin cups were suspended half way along the side of each container to avoid any direct contact with the solutions. In addition, we added an empty tin cup as a control to quantify NH 3 deposition in the absence of any organic material. These empty tin cups captured 0.25 ± 0.01, 1.08 ± 0.19, 0.58 ± 0.03 and 8.90 ± 0.52 µg N in the control, penguin guano, elephant seal dung and NH 3 solution treatment, respectively. The 20 cryptogam samples (n = 5 for each species) were selected from a dried cryptogam collection obtained from Signy Island (60°71'S 45°59'W), Byers Peninsula and the islands near Rothera research station (67°61'S 68°22'W). We selected the cryptogam samples to ensure a range of N concentrations (0.19-3.63%) and of δ 15 N (−7.6 -+16.9‰) was present within each species ( Supplementary Table  S1 ). The N concentrations and δ 15 N signatures of these cryptogam species were analysed for a different study. To ensure a consistent water content of the organic material irrespective of species or origin we added 20 µl demi-water to each tin cup at the start of the experiment. The tin cups were dried for five days in desiccators containing silica gel after exposure treatments, before isotopic measurements. As pH differences between substrates can affect NH 3 capture (Heaton et al. 1997 ) we also measured the pH of each ground cryptogam sample following the methods of Cornelissen et al. (2006) .
Statistical analyses
Analyses of variance (ANOVAs) were used to test for differences in δ 15 N signatures between guano and dung samples, volatilized NH 3 and NH 4 signatures as well as the starting values of %N, δ 15 N and pH between cryptogam species. We used a linear mixed effects model; lme4 (Bates et al. 2015) and lmerTest (Kuznetsova et al. 2017) , to identify changes in %N and δ 15 N as a result of treatments between species, with species and treatment as fixed factors and starting N (δ 15 N) concentrations as a random factor. Because of the low number of replicates per species, which is considered problematic for mixed effects models, we also compared the difference in %N and δ 15 N, between finish and start of the experiment, between sources and species using two-way ANOVA. Visual inspection of residual plots showed clear pattern formation but this was resolved by analysing the data without the control (water only) treatment after which there were no obvious deviations from homoscedasticity and normality. Values of p were obtained by likelihood ratio tests of the full model with the effect in question against the model without the effect in question. Note that the overall treatment differences between guano/ dung sources and NH 3 did not differ between the analyses with and without the control treatment. We used a factorial ANOVA to test for differences in N capture on the filters with weak (0.1 M) and strong acid (2.5 M) between treatments (NH 3 , penguin guano and elephant seal dung). Post-hoc Tukey HSD tests were used for pair-wise comparisons between species and treatments. Pearson correlation was used to test for significant correlations in changes of δ 15 N and %N with starting values of δ 15 N, %N and pH. All statistical analyses were performed using R (R CoreTeam 2015).
Results
Penguin guano and elephant seal dung had similar δ 15 N values of about 22‰ (Fig. 1, Table 1 ). The isotopic signature of the volatilized NH 3 was −49.0 ± 1.5‰ and −44.4 ± 3.2‰ lower compared to the penguin guano and elephant seal dung, respectively, but did not differ between the two sources ( Fig. 1, Table 1 ). The isotopic fractionation occurring between NH 3(gas) and NH 4(solution) was greater for penguin guano (69.4 ± 1.5) compared to elephant seal dung (47.9 ± 3.3) and that of the NH 3 solution (50.3 ± 4.9). N capture on the filters with 2.5 M KHSO 4 was higher (between 2.4 and 5.8 times; F 1,21 = 57.9, p < 0.001) than the filters with 0.1 M KHSO 4 (27.7 µg N ± 0.5). Overall N capture on filters was higher (Tukey HSD p < 0.05) for penguin guano (90.3 µg N ± 26.5) than for elephant seal dung (47.9 µg N ± 16.6).
There was no significant difference in δ 15 N or %N values between cryptogam species at the start of the experiment (Table 1) . Andreaea had the lowest pH (4.5) and Sanionia the highest (5.5) while the lichen pH values were intermediate (5.0 for both species) and not significantly different from either of the mosses. δ 15 N of all cryptogam species was strongly enriched after exposure to guano, dung or NH 3 compared to control samples (Fig. 2, Table 1 ). The change in the N concentration of cryptogams was in general larger after exposure to NH 3 (+1.36 ± 0.09%) compared to penguin guano (+0.66 ± 0.05%) and elephant seal dung (+0.51 ± 0.05%) with the latter two also being significantly different (Tukey HSD p = 0.002) ( Fig. 3, Table 1 ).
δ 15 N enrichment did not differ between cryptogam species but was negatively correlated (r = −0.8, p < 0.001, across all cryptogams) with the N concentration of the cryptogams (Fig. 2) . δ 15 N enrichment was not correlated to starting δ 15 N signatures of the cryptogams ( Supplementary Fig. S1 ), or their pH (data not shown). N enrichment was highest for Andreaea compared to the other species (Table 1, Fig. 3) . NH 3 affected the N concentration of Andreaea more (1.89%, Tukey HSD p < 0.05) than the other species (between 1.00% and 1.36%) and, when exposed to penguin guano or elephant seal dung, Andreaea showed larger (Tukey HSD p < 0.05) N enrichment (0.92% and 0.74%, respectively) compared to Usnea (0.44% and 0.26%). N enrichment Table 1 ANOVA results (F values) of δ 15 N and %N comparisons between guano and dung sources and cryptogam species as well as the change in δ 15 N-NH 3 due to volatilization, the exchange of δ 15 N between NH 3(gas) -NH 4(solution) and chi-square values from a linear mixed effect model to compare changes in δ 15 N and %N between cryptogam species exposed to guano/dung from penguins or elephant seals and NH 3 . Note that the lme results did not include the control treatment as described in the Materials and methods section.
Comparisons
Variables N (1,7 and 2,9 ). c Degree of freedom for cryptogam species (3,16). Table 1 .
was not related to the cryptogam initial N concentrations. N enrichment was negatively correlated to moss pH (r values between −0.82 and −0.95, p < 0.05 for the different N sources) while there was no such correlation for the lichens (Fig. 3) . A linear model on tissue N change with moss pH and species (Andreaea and Sanionia) as factors indicates that, pH was the main factor behind the observed changes in N after exposure to penguin guano (pH: β = −0.27, p = 0.019, species: β = 0.01, p = 0.918), elephant seal dung (pH: β = −0.32, p = 0.011, species: β = 0.13, p = 0.285) and NH 3 (pH: β = −0.85, p < 0.001, species: β = 0.32, p = 0.029).
There was no correlation between cryptogam pH and N concentrations.
Discussion
This study presents the first experimental evidence showing that volatized NH 3, with an isotopically depleted signature, from penguin and seal rookeries can isotopically enrich the N isotope signature of Antarctic cryptogams. These findings provide a direct pathway for N isotope enrichment of epilithic cryptogams, avoiding particulate matter deposition and soil N uptake routes. Moreover, our study also shows that volatized NH 3 from penguin and seal rookeries is an important N source for Antarctic cryptogams. Furthermore, there were clear differences in N enrichment between cryptogam species, which may explain the observed species differences in isotope signature recorded in the field (Bokhorst & Convey 2016) .
The δ 15 N signature of the volatilized NH 3 was more than 40‰ depleted compared to the guano and dung samples where the heavier isotopes remain behind. This isotopic fractionation is the main reason for the δ 15 N enrichment of penguin and seal rookery soils (Mizutani et al. , 1986 , and corroborated our own data from fresh penguin faecal matter with δ 15 N signatures of 1.2 ± 0.6‰ for P. antarctica and 6.2 ± 0.6‰ for P. papua (unpublished data) while rookery soils were enriched to 22.2 ± 1.5‰. The penguin-derived δ 15 N-NH 3 ranged between −32.7‰ and −21.2‰, which is much lower than atmospheric signature values reported from Antarctica (Erskine et al. 1998; Crittenden et al. 2015) , Mexico (McFarlane et al. 1995) and Japan Hayasaka et al. 2004) , but this may in part result from the different NH 3 trapping methods (active versus passive trapping and sink strengths), the δ 15 N signature of the N source and potential wind turbulence effects on trapping capability (Hogberg 1997) . The elephant seal-derived δ 15 N-NH 3 ranged between −29.6‰ and -6.7‰, with the highest value coming from a solid dung sample while the more depleted values were from a dung-contaminated puddle adjacent to a wallow. These isotopic differences suggest that local topography affecting water accumulation may affect the isotopic signature of volatilized NH 3 under field conditions.
As expected, and in accordance with known theory (Kirshenbaum et al. 1947; Heaton et al. 1997 ), the δ 15 N-NH 4 was greatly enriched compared to the volatized NH 3 when captured on weakly acidified filters, which allowed for fractionation to occur. The measured isotope fractionation was higher than the +34‰ as established by Kirshenbaum et al. (1947) . However, the experimental conditions differed greatly and isotopic fractionation between NH 3(gas) and NH 4(solution) can be influenced by the NH 3 concentration and pH (Heaton et al. 1997) . More importantly, our study provides a mechanism explaining the counterintuitive observation that Antarctic cryptogams can be enriched in δ 15 N by isotopically depleted δ 15 N-NH 3 volatizing from guano soils and elephant seal dung. The isotopic signature of windblown material (+20‰) reported by Bokhorst et al. (2007) does not, in this light, represent NH 3(gas) but is clearly the result of isotopic fractionation on the filters. The reported δ 15 N-NH 3 of -10‰ from a penguin rookery on Marion Island (Erskine et al. 1998 ) may reflect a realistic depleted isotope value but that ignored the possibility of isotopic fractionation processes when suggesting an explanation for the high δ 15 N signatures of vegetation close to the rookery. Similarly, Crittenden et al. (2015) suggested that deposition of particulate matter was a major factor in the enriched δ 15 N signatures of lichens growing in the proximity of the penguin rookery. Although particulate matter deposition may be a factor in δ 15 N enrichment of the vegetation close to rookeries, the results of the current study show that enrichment can also result from isotopically depleted NH 3 .
There were no species-specific differences in δ 15 N enrichment after exposure to NH 3 . However, this lack of species differences may result from the excess NH 3 provided under the experimental conditions and the relatively low number of replicates, whereas in the field much lower ambient concentrations of NH 3 would cause capture by cryptogams to be influenced by species traits (Crittenden et al. 2015) . δ 15 N gain was negatively correlated with the N content of the cryptogams resulting from N dilution by the substrate. The ground moss substrate of Andreaea gained more N than the other cryptogam species during exposure to NH 3 , suggesting that this moss is better at scavenging NH 3 from the atmosphere. This may in part be the result of the lower pH (Fig. 3f) , which would increase atmospheric NH 3 capture (Melse & Ogink 2005) . In addition, Andreaea also captured more N than the lichen Usnea when exposed to penguin guano or seal dung. The use of ground cryptogam samples is somewhat artificial but is indicative of potential NH 3 scavenging differences between cryptogam species which is relevant under natural conditions, where lower NH 3 concentrations would move across cryptogam patches and be attracted by them. Active uptake of NH 3 from the atmosphere by mosses and lichens may further affect the isotopic signature resulting in species δ 15 N differences. However, it is very unlikely that active uptake will overcome the existing declining gradient in N and δ 15 N with distance to penguin colonies (Erskine et al. 1998; Crittenden et al. 2015; Bokhorst & Convey 2016) . Soil N may also be a source of N, but if so its impact would be strongest among mosses as this group is better suited to utilize different soil N sources than lichens (Dahlman et al. 2004; Ayres et al. 2006; Song et al. 2016) . Antarctic mosses tend to have higher δ 15 N signatures than lichens at equal distance to penguin rookeries (Bokhorst & Convey 2016; Bokhorst et al. 2019 ). These δ 15 N differences between mosses and lichens may result from the observed difference in N capture and would be enhanced for mosses by any δ 15 N-enriched soil N source.
In conclusion, our study addresses the counterintuitive observation that Antarctic cryptogams can be isotopically enriched by a depleted atmospheric δ 15 N-NH 3 source, confirming that this can be explained by isotopic fractionation. In addition, tissue pH appears to play a role in N capture differences within and between cryptogam species, which could lead to inter-specific differences in isotopic enrichment.
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